Polyimide-(PI-) based nanocomposites containing the 4,4′-diaminodiphenyl ether-(ODA-) modified multiwalled carbon nanotube (MWCNT) filler were successfully prepared. The PI/MWCNTs-ODA composite films exhibit high thermal conductivity and excellent mechanical property. The optimal value of thermal conductivity of the PI/MWCNTs-ODA composite film is 0.4397 W/mK with 3 wt.% filler loading, increased by 221.89% in comparison with that of the pure PI film. In addition, the tensile strength of the PI/MWCNTs-ODA composite film is 141.48 MPa with 3 wt.% filler loading, increased by 20.74% in comparison with that of the pure PI film. This work develops a new strategy to achieve a good balance between the high thermal conductivity and excellent mechanical properties of polyimide composite films by using functionalized carbon nanotubes as an effective thermal conductive filler.
Introduction
Polyimide (PI) has been demonstrated one of the most important high-performance engineering plastics for its excellent mechanical property [1] [2] [3] , thermal stability [4] , and chemical resistance [5] because of its rigid-rod chemical structures, showing appealing potential in the area of electronic applications, membrane, insulating materials, and aerospace industry [6] [7] [8] [9] [10] . However, the very low thermal conductivity (0.1 W/mK) of PI can hardly meet the thermal requirements of electronic products, which limits its application in advanced microelectronics and aerospace applications. In order to facilitate the heat dissipation, it is necessary to further improve the thermal conductivity of PI. Therefore, improving the thermal conductivity of PI to endow it with better comprehensive performance has become a research focus. Introducing functional groups or elements into the main chain is an effective way to improve the performance of PI by lengthening the molecular chain and reducing the interaction between molecular chains. In addition, adding high thermal conductive fillers is another facile method to promote the thermal performance of PI [11] [12] [13] [14] [15] [16] [17] .
Various inorganic fillers owning high thermal conductivity have been added into the PI matrix by in situ polymerization to improve the overall performance of PI, including carbon black [18, 19] , alumina (Al 2 O 3 ) [20, 21] , aluminum nitride (AlN) [22, 23] , silica (SiO 2 ) [24, 25] , titanium dioxide (TiO 2 ) [26] , silicon carbide (SiC) [27, 28] , silicon nitride (Si 3 N 4 ) [29, 30] , boron nitride (BN) [31, 32] , and zinc oxide (ZnO) [33, 34] . Compared with the abovementioned inorganic fillers, carbon nanotubes (CNTs) possess high electrical conductivity (10 5 S·cm -1 ) and thermal conductivity (3500 W/mK) and extremely high Young modulus (0.9 TPa) and tensile strength (150 GPa), as well as excellent optical properties [35] . So, CNTs are considered to be the most optimal candidate as ideal enhancing fillers in high tensile, light weight polymer nanocomposites [36] [37] [38] [39] [40] [41] . Although CNTs have many merits, there are two major disadvantages that limit their reinforcing efficiency: (1) the bad dispersion of nanoparticles in the polymer matrix and (2) the weak interfacial interaction between nanoparticles and polymer matrix [42] [43] [44] .
Hence, increasing the dispersion of carbon nanotube nanoparticles in the polymer matrix and enhancing the interfacial interaction between nanoparticles and polymer matrix are critical troubles to make carbon nanotubes fully exert their potential to enhance the performance of the polymer matrix. Wang et al. [45] investigated graphene oxide@carbon nanotube-(GO/CNT-) reinforced PI; by the crosslinking between the amide bonds, the dispersibility of the nanoparticles in the polyimide matrix can be improved and the interfacial interaction between the nanoparticles and the PI matrix can be improved. Li et al. [46] reported that multiwalled carbon nanotubes (MWCNTs) were revised by polyacrylic acid, polyacrylamide, or poly(hydroxyethyl methylacrylate) which is used in the field of biomineralization. The polymer chains were deposited on the MWCNTs by photoinitiated polymerization of the monomers. Chen et al. [47] investigated the amine-treated MWCNTs/epoxy composites in which amine-treated MWCNTs were used as curing agents and are covalently grafted into the epoxy matrix. The tensile strength and impact strength of the composites increase with the content of MWCNTs, and the most significant improvement of the tensile strength is obtained with the addition of 1.5 wt.% amine-treated MWCNTs; the thermal stability of the nanocomposites also distinctly improves. In addition, different amine-treated graphenes, including ethylenediamine, diethylenetriamine, and p-phenylenediamine (EG, DG, and PG, respectively), were employed in synthesizing different contents of PI composites by in situ polymerization [48] .
In this work, we prepared carboxylated carbon nanotubes; then, the carboxyl treated MWCNTs (MWCNTs-COOH) were reacted with 4,4 ′ -diaminodiphenyl ether (ODA) to obtain the amino carbon nanotubes (MWCNTs-ODA), which is used to synthesize PI composites by in situ polymerization. The PI composite films prepared by this method can improve the compatibility of CNTs with the PI matrix. The mechanical and thermal properties of PI/MWCNTs-ODA nanocomposite films were studied, while varying different contents in the MWCNTs-ODA.
Experimental

Materials. Multiwalled carbon nanotubes (MWCNTs)
were obtained from Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences (China), with the length of 10-30 μm; the outer diameter is 10-20 nm and a purity of >98%. Pyromellitic dianhydride (PMDA) (purity: >98.5%) and 4,4 ′ -diaminodiphenyl ether (ODA) (purity: >98.0%) were purchased from Sinopharm Chemical Reagent Co. Ltd., China. N,N-Dimethylacetamide (DMAc) (purity: >99.5%), N,N-dimethylformamide (DMF) (purity: >99.5%), and ethanol (purity: >99.7%) were purchased from Fuyu Fine Chemical Co. Ltd. (Tianjin, China). N,N ′ -Dicyclohexylcarbodiimide (DCC) (purity: >99.0%) as a dehydrant and 4-dimethylaminopyridine (DMAP) (purity: >99.0%) as catalysts were purchased from Aladdin Industrial Corporation (Shanghai, China).
Synthesis of Amino-Functionalized MWCNTs.
In a typical process of MWCNTs-COOH, 2 g pristine MWCNTs were mixed with 150 ml acid mixture of concentrated H 2 SO 4 and concentrated HNO 3 (volume ratio was 3 : 1). The mixture was treated with ultrasound for 1 hour at ambient temperature (KH-600 KDE, 600 W, 40 kHz) and dispersed evenly. The mixture was then poured into a 250 ml three-neck glass flask, followed by mechanical stirring under 70°C, oil bath for 24 hours. After that, the mixture was diluted with deionized water and precipitated and the supernatant was poured out, diluted, and precipitated multiple times. After centrifugation (TG-16, 8000 rpm, 10 min), we poured off the supernatant and then washed the remaining material with DMF until the pH is 7. Finally, the MWCNTs-COOH was obtained by overnight drying in a vacuum for 60°C.
Amino functional groups are grafted onto carboxylated carbon nanotube. In typical experiments, 0.2 g of MWCNTs-COOH, 20 ml of DMF, 2 g of ODA, 1 g of DCC, and 0.6 g of DMAP were mixed. Then, the mixed liquor was put into trinecked flask and magnetically stirred for 4 days at 100°C oil bath. After that, it was centrifuged (8000 rpm, 10 min) and washed with ethanol and the treated substance was put into a vacuum oven for 60°C (DZF-6020, 450 W, 50 Hz) to dry overnight to get MWCNTs-ODA. The specific synthesis process is shown in Scheme 1.
Preparation of WMCNTs-ODA/PI Nanocomposite Films.
The preparation process of the PI/MWCNTs-ODA composite films includes the synthesis of PAA and preparation of PI. First, 2.2737 g (11.36 mmol) ODA was added in DMAc in a 100 ml trinecked flask, followed by stirring vigorously at room temperature for 30 minutes. Afterwards, 2.5263 g (11.58 mmol) PMDA (the molar ratio of PMDA and ODA was 1.02 : 1) was added in batches for six times, keeping the reaction temperature unchanged. After adding all PMDA, the mixture is kept in ice bath (temperature controlled at 2°C-10°C) for 1 hour. At the same time, 18.5 ml DMAc and a certain amount of prepared MWCNTs-ODA were mixed in the beaker, ultrasonic treatment for 1 hour at room temperature was done for even dispersion, and then MWCNTs-ODA/DMAc mixture was added to the reaction mixture in the ice bath. After the ice bath, the preparation of polyimide precursor polyamic acid (PAA)/MWCNTs-ODA mixture was casted on a clean glass substrate and the thickness was controlled within 1 mm, which was then put into the vacuum oven for 0.5 hour. The mixture underwent a series of thermal treatments afterwards; i.e., it was heated at 30°C for 1 hour, 50°C for 3 hours, 100°C for 1 hour, 200°C for 3 hours, and 250°C for 3 hours to complete the thermal imidization. WMCNTs-ODA/PI was prepared by natural cooling at room temperature. The solid content of 2.4. Characterization. XRD (X-ray diffraction) patterns of the samples were analyzed by D8 ADVANCE (Bruker Ltd., Germany), employing Cu radiation (λ = 1 5418 Å). The scanning was performed from 5°-85°at room temperature. FTIR (Fourier Transform infrared spectroscopy) of the samples was recorded by TENSOR II (Bruker Ltd., Germany), scanning from 500 to 4000 cm -1 . TEM (transmission electron microscopy) of the samples was analyzed by JEOL JEM-2100 (Japan Electron Optics Laboratory Co. Ltd., Japan). Before the characterizations, the powder samples were dispersed in ethanol and ultrasound was performed for 30-60 minutes.
TGA (thermal gravimetric analyses) were conducted on a DSC/TGA Discovery SDT 650 (TA, America) instrument from room temperature to 800°C with a heating rate of 10°C/min in the nitrogen environment. XPS (X-ray photoelectron spectroscopy) of the samples was recorded by ESCALAB 250XI (Thermo Fisher Scientific). Tensile samples were measured by CMT5105 (MTS Corporation, America). The stretching velocity is 500 mm/min, and the sample size is 150 mm × 10 mm × 0 1 mm. SEM (scanning electron microscopy) of the samples was analyzed by Hitachi S-4800 (Hitachi, Japan). The thermal conductivity (λ) of the sample (20 mm × 20 mm × 0 1 mm) was measured by the TPS 2200 Hot Disk instrument (AB Corporation, Sweden). We place the sample between two parallel sensors (3.2 mm diameter), add 0.6 W power heat pulse with the duration of 20 s, and then record the corresponding thermal conductivity. The Figure 1 (a); it can be seen that the XRD patterns of the pure carbon nanotubes and the modified carbon nanotubes are similar, indicating that the functionalized carbon nanotubes still have the same tubular structure compared with the original carbon nanotubes and the lattice spacing remains unchanged. The pure carbon nanotubes shows strong diffraction peaks at 2θ = 26°, 42°, and 77°. The functionalized carbon nanotubes have diffraction peaks at corresponding positions.
Results and Discussion
The FTIR spectra of pure MWCNTs, MWCNTs-COOH, and MWCNTs-ODA are shown in Figure 1 (b); the original carbon nanotubes have no obvious characteristic absorption peaks. In contrast, the MWCNTs-COOH exhibited stretching vibration absorption of C=O and C-O bonds at 1718 cm -1 and 1120 cm -1 and a characteristic peak of the O-H bond of the carboxyl group appeared at 3422 cm -1 . It indicated that the carboxylic acid group was successfully grafted in the surface of the MWCNTs. Due to the forma-tion of the amide bond, a stretching vibration peak of the C=O bond appeared at 1627 cm -1 ; the characteristic peak at 1318 cm -1 is due to the formation of the C-N bond in the amino functional group; the characteristic peak at 1495 cm -1 is formed by the C=C bond in the benzene ring; the characteristic peak at 1215 cm -1 is formed by the C-O bond in the aromatic ether; and the characteristic peak at 3443 cm -1 is due to the N-H bond in the amino functional group. These results suggested that the amino group in the ODA has been successfully grafted onto the CNTs.
The TEM images of pure MWCNTs, MWCNTs-COOH, and MWCNTs-ODA are shown in Figures 1(d) -1(f); the pure CNTs show an obvious agglomeration, and the pipe wall is smooth, with a large aspect ratio and poor dispersion. After introducing the functional group, the aspect ratio of MWCNTs becomes smaller and the dispersion is more uniform, but the tube wall of the CNTs becomes rough. Compared with MWCNTs-COOH, the MWCNTs-ODA have a smaller aspect ratio, a rougher surface, and a significantly improved dispersibility.
The TGA of pure MWCNTs, modified MWCNTs-COOH, and modified MWCNTs-ODA are shown in Figure 1 (c); thermogravimetric analysis of functionalized CNTs can provide more detailed information about the thermal stability and surface functionalization. The weight of pure CNTs at 800°C is 98.40%, because the CNTs themselves In addition, we found that the aminated CNTs have a residual content of 64.07% at 800°C compared to carboxylated CNTs, with higher residuals due to the absence of hydroxyl groups in MWCNTs-ODA, and the benzene ring contained in ODA in MWCNTs-ODA has a stable structure. In other words, replacement of unstable hydroxyl groups in MWCNTs-COOH with more stable ODA groups, MWCNTs-ODA, possesses enhanced thermal stability. X-ray photoelectron spectroscopy (XPS) analysis was performed to detect the group distribution of the MWCNTs and functionalized MWCNTs. The XPS of pure MWCNTs, modified MWCNTs-COOH, and modified MWCNTs-ODA is shown in Figure 2 ; the C 1s prominent peak of MWCNTs appeared at 284.8 eV in the test results [49, 50] . The dispersion of DMAc solvent, pure MWCNTs, MWCNTs-COOH, and MWCNTs-ODA is allowed standing for 0 h, 2 h, 4 h, and 8 h, respectively, as shown in Figure 3 ;
we can find that the pure MWCNTs/DMAc mixture showed obvious deposition after standing for 2 h, while the MWCNTs-COOH/DMAc mixture and the MWCNTs-ODA/DMAc mixture dispersed well after standing for 2 h, and there was no obvious deposition appeared. After standing for 4 h and 8 h, the deposition of pure MWCNTs/DMAc mixture became more obvious. The MWCNTs-COOH/D-MAc mixture showed deposition after standing for 8 h, while the MWCNTs-ODA/DMAc mixture maintained a very good dispersion. The reason is that after the functionalization of carbon nanotubes, the surface energy can be effectively reduced and the effect of aminated MWCNTs is better, so the dispersibility with organic solvents is better.
Structural Characterization of the PI and MWCNTs-
ODA/PI Composite Films. In order to study the structural characteristics of the pure PI and MWCNTs-ODA/PI composite films, XRD was performed; the result is shown in Figure 4 (a). From previous tests, we can know the XRD pattern that the diffraction peak of carbon nanotubes at 2θ = 26°is most obvious, while the diffraction peak of PI and MWCNTs-ODA is the same, indicating that the structures of PI chains and MWCNTs do not affect each other. In addition, MWCNTs-ODA has a large lattice spacing, so MWCNTs-ODA has good dispersibility and chemical compatibility in the PI matrix. From the XRD pattern, we found that the XRD of pure PI and MWCNTs-ODA/PI composite films is similar, mainly for two reasons. First, the monomers for synthesizing PI are ODA (diamine) and PMDA (dianhydride). The pure carbon nanotubes are also modified by ODA, so the pure PI and PI composite films contain the same monomer, which is not much different in the XRD pattern. Second, the MWCNTs-ODA content is very small and the performance in XRD is not obvious.
The FTIR was used to detect the chemical bond of the composites [51, 52] . The FTIR spectra of pure PI and MWCNTs-ODA/PI composite films are shown in Figure 4 (b); in the FTIR images of pure PI and PI composite films, the characteristic absorption peaks of imide groups appeared at 1778 cm -1 and 1707 cm -1 , the characteristic peaks of C-N bonds appeared at 1363 cm -1 , and the characteristic peaks of C=O bonds appeared at 722 cm -1 . It indicated that PI imidization was fully completed. Due to the low content of MWCNTs-ODA in the PI matrix, many functional groups on the surface of MWCNTs-ODA could not be clearly observed in the FTIR results.
Thermal Properties of the PI and MWCNTs-ODA/PI
Composite Films. Thermal stability is an important factor for the application of PI-based composites in high temperature environments [53, 54] . The thermal stability of the films was measured by a TG test under nitrogen atmosphere. The TGA of pure PI and MWCNTs-ODA/PI composite films are shown in Figure 5(a) ; compared with the work of Kalchounaki et al. [55] , the composite film prepared by this work has better thermal stability. The weight loss of the pure PI film at 500°C was 2.1121%, and the residual at 800°C was 55.9794%. It can be seen that the weight loss of the pure PI film and PI/MWCNTs-ODA composite films at 500°C and 5 International Journal of Polymer Science 800°C is not much difference. There are two reasons for this phenomenon: first, only a small amount of aminated carbon nanotubes are added to the PI matrix, so there is no obvious difference in TGA curves; and second, although carbon nanotubes have significant weight loss between 100°C and 700°C after amino functionalization, due to good chemical compatibility and strong interaction between the aminated carbon tubes and the polyimide matrix, when the MWCNTs-ODA content is 3%, the weight loss at 500°C is 1.9077%, When the MWCNTs-ODA content is 3%, the weight loss at 500°C is 1.9077%. The corresponding data of thermal properties are summarized in Table 1 .
The thermal conductivity curves of pure PI and MWCNTs-ODA/PI composite films are shown in Figure 5(b) ; compared with the work of Yan et al. [7] , the composite film prepared by this work has better thermal conductivity. When the MWCNTs-ODA content increases from 0 wt.% to 4 wt.%, the thermal conductivity of the PI International Journal of Polymer Science composite film increases with the increase of the MWCNTs-ODA content. Compared with pure PI (0.1366 W/mK), when the WMCNTs-ODA content is 3 wt.%, the thermal conductivity is 0.4397 W/mK. Its thermal conductivity is increased by 221.89%, because when the content of MWCNTs-ODA is low, the CNTs cannot form interconnected heat conduction channels and the carbon nanotubes appear in an isolated state in the PI matrix, which is like an "island-ocean" relationship, so the thermal conductivity is not obviously improved. When the content of carbon nanotubes is increased to 3 wt.%, the thermal conductivity is significantly improved, which is attributed to the fact that the MWCNTs-ODA nanofiller is connected to each other to form a heat conduction channel. The corresponding data of thermal conductivity are summarized in Table 2 .
Mechanical Properties of MWCNTs-ODA/PI Composite
Films. The tensile strength of pure PI and MWCNTs-ODA/PI composite films is shown in Figure 6 (a); compared with the work of Yan et al. [7] , the composite film prepared by this work has better mechanical properties. It can be seen that the tensile strength of the pure PI film is 117.18 MPa. When the MWCNTs-ODA content increased from 0 wt.% to 3 wt.%, the tensile strength of the PI composite films significantly increased, and when the MWCNTs-ODA content was 3 wt.%, the tensile strength reached to 141.48 MPa, compared with pure PI increased by 20.74%. On the one hand, because the MWCNTs-ODA content is below 3 wt.%, the 3D network structure of MWCNTs cross-linking provides the intermolecular bonding force between PI and MWCNTs-ODA. When the composite film is subjected to T 5% and T 10% : temperature at 5% or 10% weight loss; R w : residual weight at 800°C. The MWCNT and BN-c-MWCNT contents in the reference are both 3 wt.%. 7 International Journal of Polymer Science external tensile force, the strong chemical bond between the MWCNTs-ODA and the PI chain can effectively transfer the stress of the PI chain to the surface of the MWCNTs-ODA and thus has excellent mechanical properties. More-over, due to the good interaction and chemical compatibility between the aminated CNTs and PI matrix, the adhesion between them is obviously enhanced and the mechanical property is improved. However, when the MWCNTs-ODA At this time, the tensile strength of the MWCNTs-ODA/PI composite film increases with the increase of the MWCNTs-ODA content. In addition, when the content of MWCNTs-ODA is 3 wt.%, compared with pure PI, the cross section surface of the PI composite film is rough and there is obvious fracture surface in the enlarged view, due to the excellent interfacial adhesion and well compatibility between the PI matrix and the MWCNTs-ODA nanofiller; it is advantageous to transfer the tensile pressure from the polymer matrix to the MWCNTs-ODA nanofiller. When the MWCNTs-ODA content was increased from 3 wt.% to 4 wt.%, it can be seen from the SEM image that the cross section became significantly rougher and the MWCNTs-ODA/PI composite film was brittle fracture. Correspondingly, the tensile strength of the MWCNTs-ODA/PI composite film showed a significant decrease. Therefore, we conclude that the strong interaction between the nanofiller and the PI matrix makes the MWCNTs-ODA have good dispersibility and this is an important reason for the enhancement of mechanical properties of MWCNTs-ODA/PI nanocomposite films.
Optical Properties of MWCNTs-ODA/PI Composite
Films. The optical properties of MWCNTs-ODA/PI composite films are shown in Figure 7 ; it shows the optical transmission of the MWCNTs-ODA/PI composite films with a thickness of 43-90 μm in the range of 200-800 nm. The test was carried out with reference to a pure PI film. Due to the introduction of MWCNTs-ODA, the transmittance of composite films decreased from 92.172% (PI-1.5%) to 63.164% (PI-4%), and with the increase of the MWCNTs-ODA content, the color of the films became significantly deeper. The addition of MWCNTs-ODA has a significant effect on the optical properties of MWCNTs-ODA/PI composite films. When the content of MWCNTs-ODA is small, the difference in transmittance of the composite film is not obvious, because the MWCNTs-ODA content is extremely small, resulting in little change in light transmittance.
Conclusions
In summary, the XRD, FTIR, and XPS tests of MWCNT and MWCNTs-ODA demonstrated that the amino group was successfully grafted on CNTs without destroying the chemical structure of CNTs. The SEM, XRD, and FTIR tests of MWCNTs-ODA/PI composite films confirmed that the addition of MWCNTs-ODA did not destroy the structure and properties of the PI matrix and there was a strong interaction between MWCNTs-ODA and PI matrix and good chemical compatibility between MWCNTs-ODA and PI matrix. Through TGA data of pure PI and MWCNTs-ODA/PI composite films, we found that the addition of MWCNTs-ODA has little effect on the thermal stability of the PI matrix and the composite films has excellent thermal stability, which will not have significant weight loss before 500°C. Through the tensile test of the MWCNTs-ODA/PI composite film, we found that when the MWCNTs-ODA content is 3 wt.%, the tensile strength of the PI composite film is 141.48 MPa, which is 20.74% higher than that of the pure PI film. Through the thermal conductivity test of MWCNTs-ODA/PI composite films, we found that when the content of MWCNTs-ODA is 3 wt.%, the thermal conductivity of the PI composite film is 0.4397 W/mK, which is 221.89% higher than that of the pure PI film. Therefore, when the MWCNTs-ODA content is 3 wt.%, the MWCNTs-ODA/PI composite film has the best comprehensive performance, has excellent thermal conductivity and thermal stability, and might be further used as a potential heat dissipation material in the field of microelectronics and flexible circuit boards. In addition, we also found that as the MWCNTs-ODA content increases, the light transmittance is significantly reduced.
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